The surface structures and growth kinetics of InGaN(0001) are studied. It is well known that during molecular beam epitaxy GaN surfaces undergo a smooth to rough transition when the growth condition is switched from Ga-rich to N-rich. It is found here that indium atoms have only small effect on this transition when deposited on GaN(000 ), but when deposited on GaN(0001) the indium acts as a surfactant and greatly extends the regime of smooth growth. Near the smooth/rough transition of InGaN(0001) growth, a bright √3×√3 reconstruction is observed at growth temperature. The formation kinetics of this reconstruction are studied in detail. Scanning tunneling microscopy and total energy computations are used to study the structure of InGaN(0001) surfaces under metal rich conditions. Indium is found to occupy the top two atomic layers of the crystal; its incorporation in the second layer produces significant strain, leading to the formation of small pits on the surface and increased indium concentration inside and around the pits.
Introduction
InxGa1-xN alloys have recently attracted great interest because of the successful development of InGaN/GaN based blue light-emitting devices and lasers, where InGaN is used as the active layer [1] . While the growth of high quality material and fabrication of devices have been successful, fundamental understanding of the growth, structure, and luminescence mechanism is far from complete. Issues such as indium compositional fluctuations [2] and an apparent surfactant effect due to indium [3] were investigated recently. These issues are explored here by an extensive study of the surface structure and growth kinetics of InGaN.
The basic surface structures discussed here are illustrated in Fig. 1 , for the limit of very Inrich conditions. Figure 1 (a) shows the previously determined structure for the N-polar In-1 GaN(000 ) surface, consisting of a monolayer (ML) of In bonded to a GaN bilayer [4] . For less In-rich conditions this monolayer contains a mixture of In and Ga. For the Ga-polar InGaN(0001) surface, prior theoretical studies indicate that the surface consists of either a single ML of In in the topmost layer, or one ML in the top layer plus another ML in the second layer [5] . The latter case is illustrated in Fig. 1(b) . Following the notation of Ref. [5] we refer to these layers as A1 and S3, as indicated in Fig. 1(b) . As discussed below, we find that the S3 layer is actually only partially occupied by In. Furthermore, we observe the formation of an array of small pits (vacancy islands) on the surface. This paper consists of three parts. First, we present a detailed study of the effect of indium atoms on the GaN surface morphology. It is well known that during MBE growth of GaN the surface undergoes smooth to rough transition when the growth condition is switched from Ga-rich to N-rich [6] [7] [8] . Here, we find that indium atoms have only a small effect on this smooth/rough transition when deposited on GaN(000 ), but when indium is deposited on GaN(0001) the gallium flux can be reduced greatly before the growth becomes rough. Second, a √3×√3 reconstruction is observed during InGaN(0001) growth near the smooth/rough transition point. This reconstruction thus serves as a useful real-time indicator during growth of when the morphology is near the smooth/rough transition, and we have studied the formation kinetics of the reconstruction in an effort to determine its structure. Finally, InGaN(0001) surfaces under metal rich conditions were studied using scanning tunneling microscopy (STM) and total energy computations. We find that the indium atoms occupy the top two surface layers. Based on theoretical results for the surface structures, we argue that strain arising from the presence of In in the second (S3) layer leads to the formation of small pits on the surface. Inside, and at the border of the pits, the surface concentration of indium is found to be larger than that far from the pits, which may lead to inhomogeneous indium incorporation in the bulk film.
Experiment
The studies described here were performed in a combined MBE/surface analysis system. The growth chamber contains gallium and indium effusion cells, an RF-plasma nitrogen source, and a reflection high energy electron diffraction (RHEED) system. GaN(0001) was grown on Si-face 6H-SiC(0001) substrates, with the polish damage removed by hydrogen etching [9] . After the hydrogen etching, the substrate was introduced into the growth chamber and outgassed up to the temperature of 800 C. A few monolayers of Si were deposited onto the surface and the substrate was then annealed to about 1000 C until a √3×√3 reconstruction was obtained [10] . GaN was directly grown on this surface at growth temperature of 670 C. GaN(000 ) was also grown at 670 C, on sapphire substrates, with pre-growth nitridation of the substrate performed at 950 C and using a low-temperature GaN buffer layer grown at 500 C [4] . Following the GaN growth with typical thickness of 200 nm, the substrate temperature is lowered to 600-630 C for the InGaN deposition. Typical growth rates for the GaN and InGaN are 200 nm/h. Gallium and indium flux rates were calibrated with an in situ crystal thickness monitor. The nitrogen plasma source was operated at a power level of 550 W and pressure of 1.8 × 10 -5 Torr. The substrate temperature was measured by an optical pyrometer with emissivity set to be 0.7. After growth, the sample was quenched to room temperature, and transfered under vacuum to the analysis chamber for STM and Auger study. The base pressures of the growth and analysis chambers were in the 10 -11 Torr range.
Auger spectroscopy was measured with a Perkin-Elmer 15-255G system. The amount of 1
1°°°1°°°°
indium on the surface is determined from the indium/nitrogen peak-peak intensity ratio as measured by the Auger spectroscopy. From the known bonding arrangements for In on the surface [cf. Fig. 1 ], using electron mean free paths and atomic sensitivity factors obtained from Ref. [11] , and using the bulk indium composition obtained from x-ray diffraction (XRD) measurement, the amount of indium on the surface can be evaluated from a measured ratio of In 404 eV to N 379 eV Auger lines. However, when we apply this procedure to a surface for which the indium composition was confidently known from STM images [4] , the computed result from Auger data gives only about half of the expected value. The origin of this discrepancy is not well understood at present. Nevertheless, we feel that a relative measure of the indium surface concentration between different samples should still be reasonably accurate, and that type of procedure is used here in evaluating surface coverages. In any case, our final determinations of indium coverage are made on the basis of both STM images and Auger measurements, with the Auger results mainly being used to add confidence in the interpretation of the STM images.
Results

Effect of indium on the smooth/rough transition
During MBE growth of GaN, the surface undergoes a transition from smooth to rough morphology when the growth condition is switched from Ga-rich to N-rich [6] [7] [8] . It was previously observed that the material has high quality when grown in the smooth regime [6] ; it is therefore important to determine the smooth/rough transition point for GaN and InGaN. It has been reported that indium atoms serve as a surfactant, keeping the growth in the smooth regime when the gallium flux is slightly reduced beneath the transition flux [3] . However, in our earlier growth of InGaN on GaN(000 ), such a surfactant effect was not observed. Instead we found that indium atoms had little effect on the smooth/rough transition [12] , possibly due to the different polarity of GaN used in that case. In this work, a detailed study is carried out on the smooth/rough transition of InGaN growth on both the (000 ) and (0001) faces.
We find a dramatic difference in the smooth/rough behavior between the (000 ) and (0001) faces, as shown in Figs. 2(a) and (b) respectively. For both experiments, the nitrogen flux was kept constant. Then, a certain indium flux was applied, and gallium flux was adjusted to find the smooth/rough transition point. For comparison, dashed lines in Fig. 2 show where the total metal flux (indium + gallium) is constant. Figure 2 (a) shows that for the (000 ) face, even when a large indium flux is applied, the gallium flux can only be reduced slightly before the growth becomes rough. In contrast, for the (0001) face, it is found that when the indium flux is applied the gallium flux can be greatly reduced (by an amount considerably greater than that of the added indium flux) before the growth becomes rough. Thus, indium serves as a surfactant for the (0001) surface.
While this contrast between the effect of indium atoms on the surface morphology of the (0001) and (000 ) faces is dramatic, it is also important to realize that in order to incorporate indium into the bulk the gallium flux must be lower than the transition flux of gallium in the absence of indium [4, 13] . Roughly speaking, the reason for this condition is that indium atoms tend to segregate to the surface so that when there is enough gallium the indium atoms do not incorporate [4] . Therefore, in order to grow InGaN with significant indium content, growth on the (000 ) face must occur in the rough growth regime whereas it can take place in the smooth regime for the (0001) face. Since one generally desires smooth morphology (implying faster surface diffusion) during growth, we conclude that the (0001) surface appears to be better suited for high quality InGaN growth.
Another implication of this surfactant effect on the (0001) surface is that more nitrogen must desorb from the surface when the gallium flux is greatly reduced in the presence of indium, since the growth is stoichiometric and now the total metal flux is lower than that during GaN growth without indium. This increased desorption could come about either as a result of higher nitrogen surface diffusivity or higher nitrogen surface concentration, where in both cases the nitrogen atoms have more chance to meet and form molecules and then leave the surface. In GaN growth, it was found that nitrogen accumulation leads to a higher diffusion barrier and hence rough growth [7] . However, as will be shown in the next part of this paper, with a nitrogen rich √3×√3 reconstruction the growth can still be smooth, which implies that indium lowers the diffusion barrier even when the surface has high nitrogen concentration.
√3×√3 reconstruction on the (0001) face
During plasma-assisted MBE of GaN, reconstructions are rarely observed at the growth temperature. Some groups have reported a 2×2 reconstruction during growth [15] , although we have found previously that this structure is due to the presence of arsenic atoms in the growth environment [16] (for growth using ammonia a different, intrinsic 2×2 structure occurs [17] ). For the case of InGaN growth on (0001) face, we observe a bright √3×√3 reconstruction (in the absence of arsenic) at the growth temperature. This reconstruction is observed when the Ga flux is near or below the transition point between rough and smooth growth, in the presence of indium. Figure 3 shows the corresponding RHEED pattern, which is a 3× structure when viewed along (1 00) azimuth and 1× structure along (11 0) azimuth.
We have varied the growth conditions and surface stoichiometry in an effort to determine the geometric structure of this reconstruction. For reference, various reconstructions on GaN(0001) at room temperature are well understood [18] : there are "1×1", 6×4, 5×5 and 2×2 reconstructions corresponding to different amount of gallium atoms on the surface, with the "1×1" most gallium rich and 2×2 most gallium deficient (this 2×2 reconstruction is different than the two 2×2 structures mentioned in the previous paragraph, since it is observed only during growth interrupts). Since the √3×√3 reconstruction appears only when the gallium flux is reduced to near the transition point, we expect that there are not multiple Ga layers on the surface, so a first guess of the structure is an adlayer of indium with √3×√3 structure on top of a gallium terminated GaN surface. Thus, in our first experimental effort, a GaN layer was grown in gallium rich growth conditions to obtain a flat surface. The surface showed a "1×1" reconstruction as usual when cooled down. Then the sample was heated to about 730 C for 90 s to desorb the excess gallium. The surface then showed a faint 2×2 reconstruction when cooled down. Then indium atoms were deposited onto this surface up to a few monolayers (1 ML = 1.14×10
15 atoms/cm2) with rate of 0.5 ML/min to 2 MLs/min. No √3×√3 reconstruction was observed during the deposition. The same process was repeated with indium deposition carried out at the growth temperature, and again no √3×√3 was observed, indicating that the indium adatoms on gallium layer model is incorrect.
Based on the above results, it appears that nitrogen may play an important role in the √3×√3 reconstruction. So for the next attempt, the nitrogen plasma source was turned on when indium was deposited and this time the √3×√3 appeared very quickly. The same result occurred when indium 1 2° was deposited during the GaN growth if the growth was in the nitrogen rich regime. For the latter case, it was found that the √3×√3 was clearly seen when about 1/10 ML of indium was deposited, and the intensity of the reconstruction was maximum when about 1/3 ML of indium was deposited. If the gallium flux was not too small, so that in the presence of an indium flux the gallium flux is well above the smooth/rough transition point, then the intensity of the reconstruction will gradually decrease and finally disappear when more indium is deposited (consistent with the observation that the √3×√3 can persist only near or below the transition point). Also, when GaN is grown in the gallium rich regime (without indium), then deposition of indium atoms doesn't lead to √3×√3 reconstruction. Thus, N-rich conditions are required for the formation of the √3×√3 structure. In the extreme case, the √3×√3 reconstruction was found to persist when the nitrogen plasma is kept on but both the gallium and indium fluxes were off. Also, if indium atoms were deposited onto the GaN surface when the nitrogen plasma source was off (producing no √3×√3 reconstruction), subsequently turning on the nitrogen plasma source will make the √3×√3 reconstruction appear and persist. All these experiments are carried out at the growth temperature, which was around 600 C.
In summary, we find that the √3×√3 reconstruction forms under N-rich conditions, and it contains about 1/3 ML of indium atoms. It appears to consist of a structure involving indium and nitrogen atoms, on the gallium terminated GaN surface (depending on the relative indium and gallium presence on the surface, some indium atoms can go into the gallium layer). It is worth noting that growth can still be smooth with the nitrogen rich √3×√3 reconstruction, implying relatively low surface diffusion barriers for this structure.
STM results of InGaN(0001) surfaces under metal rich conditions
Scanning tunneling microscopy has been used to study the structure of the InGaN(0001) surface, as shown in Fig. 4 . The film shown in Fig. 4(a) was grown at 610 C, with Ga and In flux rates of 1.7 × 10 14 and 4.8 × 10 13 cm -2 s -1 respectively, well above the smooth/rough transition line. This particular film was too thin to conveniently determine its indium composition from XRD, but by comparison with other films with similar growth conditions we estimate the indium content in the bulk to be 1-2%. The surface was known from Auger measurements to contain 0.9±0.2 ML of indium. From prior theoretical work we expect the possible presence of surface structures containing In atoms either in the top surface layer or in the top two layers [5] , as illustrated in Fig. 1(b) . In Fig.  4(a) , we see in the lower part of image a region of uniform 1×1 corrugation. We assign the structure of this region as having indium only in the top layer, and we refer to this structure as the "A1 phase". The bright corrugation maxima observed elsewhere in the image we attribute to In atoms in the S3 layer, since the height of the observed bright maxima, typically 0.2 Å above the nominal height of the 1×1 region, is consistent with theoretical result of 0.30 Å for the change in surface height induced by a second layer indium atom as discussed in the following section. The small black pits appearing on the surface appear dark (lower surface height) for both positive and negative sample bias voltage, indicating that they are some type of surface vacancy island. The pits do not grow with time, but rather, they have an equilibrium diameter of 10-20 Å. The depth of the smallest pits seen in Fig. 2 is typically 0.7 Å, but this value is probably limited by the shape of the STM probe tip. For the larger pits we find a depth of 2.0 Å, indicating that at least one layer of atoms is missing from the surface. In surface regions containing the pits, we find 15-25% indium occupation of the second layer. As discussed in the next section, we believe these pits form to relieve the strain induced by incorporation of indium in the second layer. Indeed, as can be seen from Fig. 4(a) , these pits are closely related to the presence of indium in the second layer.°° Figure 4 (b) shows an STM image obtained from an InGaN(0001) film grown with similar fluxes as that in Fig. 4(a) , but with slightly lower growth temperature of 600 C. The bulk indium content of this sample is about 4%, and the surface indium coverage is 1.4±0.2 ML. In this case surface regions containing pits cover practically the entire surface, with average separation between pits of about 40 Å. We refer to this surface phase, containing pits and partial occupation of indium in the second layer, as "A1+S3". The higher coverage of pits in this sample with higher indium surface concentration is consistent with the conclusion that pits are related to the indium incorporation in the second layer.
Another important feature seen in Fig. 4(a) is that the indium concentration in the second layer is higher around pits than that far away from pits. This inhomogeneous surface indium concentration may contribute to the formation of the widely observed indium compositional fluctuation in the bulk InGaN [2, 19] . Instead of forming from bulk properties, the indium compositional fluctuation could be grown in from the inhomogeneous surface, produced by the processes of indium surface segregation [4, 5] and formation of a strained surface layer due to lattice mismatch between InN and GaN. This strain is large because the indium surface concentration is much higher than its bulk concentration.
Theory and Discussion
The results of the previous sections are all closely related to the structure of the InGaN(0001) surface. In this section we will review some previous theoretical work on the structure of the InGaN(0001) surface as well as summarize recent theoretical results that support our interpretation of the STM images. We will also discuss the relationship between the surface structure and the expected diffusion mechanism for nitrogen on the In-covered surface.
Previous theoretical studies of the InGaN(0001) surface were performed in order to gain an understanding of indium induced morphological changes occurring on the (0001) surface [5, 20] . In those studies it was shown that under conditions leading to very high concentrations of indium in the films, the (0001) surface would be close to a structural instability, and that near the core of threading dislocations intersecting the surface it would be energetically favorable to form (10 1)-facetted inverted hexagonal pyramids in order to reduce strain energy associated with the dislocation. Of course, in the present case the pits seen in the films are much smaller and are not associated with dislocations; they are an intrinsic feature of the indium induced surface reconstruction. Nevertheless the results of the previous investigations also provide guidance for understanding the origin of the smaller pits seen in the present work. A key idea emerging from that work is that the energy of indium surface segregation is comparable to the cost of forming the surface itself. In other words, the incorporation of indium into either the bulk or the S3 layer [cf. Fig 1(b) ], where it makes either four or three compressively strained bonds with nitrogen atoms, competes energetically with morphological changes that allow the indium to be incorporated in sites where it makes fewer, but less strained, In-N bonds. In the case of the large inverted hexagonal pit formation, the indium is incorporated onto the (10 1) surfaces of the pits where it makes one or two In-N bonds. In the present case we believe that the edges of the pits in the A1+S3 phase exhibit sites where the indium atoms are bonded to just one or two nitrogen atoms, and the driving force stabilizing the formation of the pits is the relaxation of the surface strain associated with the indium atoms incorporated into the S3 layer. It is essential that the energy cost of forming the pits is sufficiently low so that the combination of pit formation and the resulting strain relief is energetically favorable.°1
Total energy calculations performed for a set of five structures having between 0 and 1 ML of indium in the second layer establish that there is a significant amount of strain induced by substitution of indium for gallium in the second layer. These calculations were performed in a 2×2 unit cell and the second layer contained 0, 1, 2, 3, or 4 indium atoms. In all cases the top layer consists entirely of indium. We denote the structures in this set by specifying the total indium coverage; thus the 5/4 ML structure contains ϑ = 1/4 ML of indium in the second layer and 1 ML of indium in layer 1 (the A1 layer). ϑ is the indium coverage in the S3 layer. The energies of these five structures are plotted as a function of the Ga chemical potential in Fig. 5 . Assuming linear elasticity theory the surface energy (per 1×1 cell) of the various A1+S3 surface structures can be written as:
Here, E A1 is the surface energy of the 4/4 ML structure, E In is the energy cost to incorporate a single In atom into the S3 layer (for µ Ga = 0 eV), and E In-In is the In-In interaction energy arising from overlapping strain fields. Using the calculated surface energies we obtain E In = 0.86 eV and E In-In = 0.46 eV. Higher order contributions in ϑ are an order of magnitude smaller. The large positive value of E In implies that In can be incorporated into the S3 layer only for very Ga-deficient conditions (µ Ga < -0.86 eV). For µ Ga > -0.86 eV it costs energy to incorporate even a single isolated indium atom into the S3 layer. Over a large range of chemical potentials (-0.86 eV < µ Ga < 0 eV) the A1 phase is the energetically preferred structure. We believe this is the 1×1 structure that is seen over large areas of the surface for the low In-content film discussed in the previous section. The atomic structure of the A1 phase is indicated schematically in Fig. 6 (a).
The positive value for E In-In is indicative of an effective repulsive interaction between the In atoms that arises because it becomes progressively more difficult to relax the compressive strains as more indium is added to the second layer. Thus, with increasing In coverage the repulsive In-In interaction makes the In incorporation less and less favorable. In this model the gallium chemical potential has to be reduced to values below µ Ga = -( E In + 2 E In-In) = -1.78 eV in order for all the S3 sites to be occupied by In atoms. That the In-N bonds are compressively strained, even in the 5/4 ML structure, can be seen by analyzing the atomic structure. In particular we note that the Ga-N-In bond angle θ123 defined in Fig. 6(b) is 117 for the 5/4 ML structure. This angle increases to 119 for the 8/4 ML structure. The optimal value for an unstrained system would be the tetrahedral angle, 109.5 . Moreover, the In-N bond length is 2.13 Å for the 5/4 ML structure and 2.09 Å for the 8/4 ML structure. In calculations for bulk InN we find the In-N bond length to be 2.17 Å. All these results indicate the existence of compressive strain, even for the low coverage 5/4 ML structure, and provide support for our contention that the pits form to relieve strain induced by the incorporation of indium in the second layer.
The second major theoretical result relating to the present work concerns the smooth/rough transition of the surface morphology for InGaN(0001) compared to InGaN(000 ). As discussed above, the clean GaN surface, both (0001) and (000 ), undergoes a smooth to rough transition as the Ga flux is reduced. It has been previously argued that this transition arises from a kinetic accumulation of nitrogen on the N-rich surfaces, such that the resulting Ga diffusivity is reduced and rough growth results [7] . In the present work we have found that the the effect of adding indium on the smooth/rough transition is markedly different between the (0001) and (000 ) surfaces. We believe this difference to be correlated with the different metal (In and Ga) content of the two surfaces -1 ML for the (000 ) surface as pictured in Fig. 1(a) , and about 2 ML for the (0001) surface°°°1 1 1 1 as shown in Fig. 1(b) . The excess metal present in the latter case may act to prevent any accumulation of nitrogen, thus preventing the associated reduction in Ga diffusivity. In addition, however, there is a separate mechanism which will act to increase the N diffusivity when 2 ML of metal is present: we find that the equilibrium position of the N atoms in this case is between the metal layers [i.e. between A1 and S3 layers in Fig. 1(b) ], and the resulting diffusivity for the N is significantly enhanced compared to that when the N resides above the top layer [14] . Thus, we expect for both GaN and InGaN, under metal rich conditions, faster diffusion due both to the enhanced N diffusivity and the prevention of N accumulation. These mechanisms provide an interpretation of the kinetics which is in agreement with experiment for both the clean and In-covered surfaces, of both polarity.
Conclusion
The effect of indium atoms on the smooth/rough transition observed during MBE growth of GaN and InGaN has been studied in detail. Indium atoms were found to have small effect on this smooth/rough transition when deposited onto GaN(000 ), but when indium is deposited on GaN(0001) GaN it is found that the gallium flux can be reduced greatly before the growth goes to rough. A √3×√3 reconstruction is observed at the growth temperature. It forms and is stable under N-rich conditions. It likely consists of a structure containing of indium and nitrogen atoms, residing on a gallium terminated GaN surface. InGaN(0001) surfaces under metal rich conditions were studied using STM and total energy computations. Indium is found to occupy the top two atomic layers of the crystal; incorporation in the second layer produces significant strain, leading to the formation of small pits on the surface. It is found that the indium concentration inside and around the pits is higher than that far away from the pits, which offers an alternative origin for the development of the compositional fluctuations in the InGaN bulk.
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